Background/Aims: Signaling of G s protein-coupled receptors (GsPCRs) is accomplished by stimulation of adenylyl cyclase, causing an increase of the intracellular cAMP concentration, activation of the intracellular cAMP effectors protein kinase A (PKA) and Epac, and an efflux of cAMP, the function of which is still unclear. Methods: Activation of adenylyl cyclase by GsPCR agonists or cholera toxin was monitored by measurement of the intracellular cAMP concentration by ELISA, anti-phospho-PKA substrate motif phosphorylation by immunoblotting, and an Epac-FRET assay in the presence and absence of adenosine receptor antagonists or ecto-nucleotide phosphodiesterase/pyrophosphatase2 (eNPP2) inhibitors. The production of AMP from cAMP by recombinant eNPP2 was measured by HPLC. Extracellular adenosine was determined by LC-MS/MS, extracellular ATP by luciferase and LC-MS/MS. The expression of eNPP isoenzymes 1-3 was examined by RT-PCR. The expression of multidrug resistance protein 4 was suppressed by siRNA. Results: Here we show that the activation of GsPCRs and the GsPCRs-independent activation of G s proteins and adenylyl cyclase by cholera toxin induce stimulation of cell surface adenosine receptors (A 2A or A 2B adenosine receptors). In PC12 cells stimulation of adenylyl cyclase by GsPCR or cholera toxin caused activation of A 2A adenosine receptors by an autocrine signaling pathway involving cAMP efflux through multidrug resistance protein 4 and hydrolysis of released cAMP to AMP by eNPP2. In contrast, in PC3 cells cholera toxin-and GsPCR-induced stimulation of adenylyl cyclase resulted in the activation of A 2B adenosine receptors. Conclusion: Our findings show that stimulation of adenylyl cyclase causes a remarkable activation of cell surface adenosine receptors.
Activation of Adenylyl Cyclase Causes Stimulation of Adenosine Receptors
Thomas
Introduction
Numerous hormones and neurotransmitters mediate their effects on target cells by binding to G protein-coupled receptors that either stimulate (GsPCR) or inhibit (G i proteincoupled receptors) the activity of adenylyl cyclase that catalyzes the formation of cAMP from ATP. Alterations of the intracellular cAMP concentration ([cAMP] i ) regulate a large number of cellular processes, affecting e.g. the control of various metabolic events, in particular glucose metabolism, muscle contraction, secretion, memory, and immune function [1] [2] [3] . cAMP binds to and activates intracellular cAMP effectors, i. e. protein kinase A (PKA), cAMPdependent Rap-exchange factors (Epacs) and cAMP-gated ion channels [2] [3] [4] . A-kinase anchoring proteins (AKAPs) target PKA to specific substrates and distinct subcellular compartments, providing spatial and temporal specificity for mediation of biological effects channeled through the cAMP/PKA pathway [5] . Stimulation of adenylyl cyclase also leads to an efflux of cellular cAMP through multidrug resistance protein 4 (MRP4), which may serve to regulate [cAMP] i signaling following activation of adenylyl cyclase [6] [7] [8] [9] . No receptor for extracellular cAMP has been found on mammalian cells. Whether extruded cAMP itself serves as an extracellular signaling molecule in its own right or precursor of an extracellular signaling molecule in mammalian cells is not entirely clear.
P1 purinergic receptors (adenosine receptors) are activated by adenosine and AMP and are important regulators of adenylyl cyclase. Whereas A 2A and A 2B adenosine receptors couple to G proteins (G s ),which stimulate adenylyl cyclase and thereby increase the levels of intracellular cAMP, A 1 and A 3 receptors inhibit adenylyl cyclase activity via G i proteins [10, 11] . A well-established mode of activation of adenosine receptors occurs under stress conditions such as hypoxia and inflammation and upon stimulation of some G protein-coupled receptors which induce mobilization of intracellular calcium. This involves the release of cellular ATP, which causes activation of P2 purinergic receptors and -after hydrolysis to AMP by CD39 (ectonucleoside triphosphate diphosphohydrolase 1) and further to adenosine by ecto-5'-nucleotidases (CD73) or ecto-alkaline phosphatases -of P1 (adenosine) receptors [10] [11] [12] [13] . In the brain translocation of adenosine via equilibrative nucleoside transporters (ENTs) represents an additional source of extracellular adenosine [14] [15] [16] [17] .
Here we investigated if activation of adenylyl cyclase by GsPCRs or cholera toxin (CTx), which directly activates G s proteins and is thus considered to stimulate adenylyl cyclase independently of GsPCRs, represents an alternative pathway for modulating the release of adenine nucleotides and regulating purinergic signaling. Our data show that activation of adenylyl cyclase causes an elevation in the concentration of extracellular adenosine and activation of G s protein-coupled adenosine receptors (A 2A and A 2B adenosine receptors).
Materials and Methods
Cell culture and stimulation Neuroendocrine PC12 (American Type Culture Collection) and PC3 prostate carcinoma cells (European Collection of Authenticated Cell Cultures) were grown in DMEM containing 5% horse serum and 5% fetal calf serum supplemented with antibiotics [18] . Cells were serum-starved for 4 h prior to their exposure to stimuli (CTx, adenosine, AMP and CGS 21680, LPA, isoproterenol, glucagon (all from SigmaAldrich), or PACAP (PACAP38, Calbiochem)), in serum-free DMEM in the presence or absence of inhibitors (ZM 241385 (Tocris), SCH 58261, MRS 1754, S32826, ARL67156, 4-nitrobenzylthioinosine (NBMPR) (all from Sigma-Aldrich) or HA155 (Merck Millipore)).
Suppression of MRP4 expression by siRNA
Control siRNA (AACUGGGUAAGCGGGCGCAtt) or siRNA directed against MRP4 (CCGAGUAGUUCAGCCCAUAtt, 50 nM) were transfected into PC12 cells using the Lipofectamine RNAiMAX reagent in OptiMEM using as described by the manufacturer (Thermo Fisher Scientific). On the next day the medium was replaced by complete cell culture medium. The cells were used for the experiments 72 h after transfection. Down-modulation of MRP4 expression was monitored by immunoblotting.
Immunoblotting
Immunoblotting of cellular lysates was performed as recently described [18, 19] . For the detection of ecto-nucleotide phosphodiesterase/pyrophosphatase 2 (eNPP2) in the cell culture media the cells grown on six well plates were washed and switched to OptiMEM. After 24 h the supernatants were collected and centrifuged (5 min, 500 g) to remove cell debris. The supernatants were concentrated 10-20-fold using Amicon columns with cut-off of 50 kDa (Millipore).
The blots were probed with antibodies against PKA substrate motif [RXXp(S/T)] (Cell Signalling), MRP4 (Abcam), eNPP2 (GeneTex), Extracellular signal-regulated kinase (ERK) 2 (Santa Cruz Biotechnology) or β-actin (Sigma-Aldrich). Antigen-antibody complexes were visualized using horseradish peroxidaseconjugated antibodies (BioRad) and the enhanced chemiluminescence system (Pierce) using a Fuji LAS 4000 camera system or by fluorescently labelled secondary antibodies (Leica) using a FLA-9000 image scanner and the software MultiGauge version 3.0 (FujiFilm).
RT-PCR
Total RNA was isolated from PC12 cells with TRIZOL reagent (Sigma-Aldrich) according to the manufacturer's instructions. cDNA was generated from 1 µg RNA using M-MLV RT polymerase (Promega) and random primer hexamers (Thermo Fisher Scientific). The reaction was run for 1 h at 37°C. Two µl of the cDNA were used for the PCR reaction using DreamTaq Polymerase (Thermo Fisher Scientific) for amplification of target genes. RNA from rat tissue was used as positive control. The samples were analyzed by DNA gel electrophoresis and staining with ethidium bromide. For the verification the bands were isolated and cloned in the pGEM-T vector (Promega). The identities of the inserts were verified by sequencing on an GeneAMP® PCR System 9700 (Applied Biosystems).
The following primers were used: eNPP1-for (GAATTCTTGAGTGGCTACAGCTTCCTA), eNPP1-rev (CTCTAGAAATGCTGGGTTTGGCTCCCGGCA), eNPP2-for (CGCTCGAGGCTTTCCAAGAATCCCTC), eNPP2-rev (CTCTAGACTACACTGCCCAGGCCCA), eNPP3-for (AGCCGCCGGTTATCTTGTTCTC), eNPP3-rev (TGATGCCGTGCGACTCTGGATAC) [20] .
FRET assay cAMP sensor, termed T Epac VV , which employs mTurquoise as donor and Venus Venus as acceptor protein was used in the present study [21] . PC12 cells were seeded on 6-well plates coated with Collagen G (Biochrom) and transfected with the plasmid using Lipofectamine LTX (Thermo Fisher Scientific). After 24 h the cells were seeded on collagen G coated 8-well slides (IBIDI).
Experiments were performed in HEPES-buffered saline (Sigma-Aldrich) at 37°C in a 5% CO 2 atmosphere. Images were taken using a Zeiss 510 confocal microscope (Zeiss) using a 40x, 1.3 N.A. glycerol immersion objective. Donor excitation was with the 442 nm HeCd laser; donor emission was collected between 450 and 505 nm and acceptor emission between 510 and 600 nm by setting the SP5 spectrometer accordingly. Pictures were taken every 20 seconds over 60 minutes. Pulse duration and the scanning time was 1 second. Agonists and inhibitors were added 90 sec after starting the procedure and generation of the baseline from concentrated stocks. Data from 6-15 cells per experiment are presented as mean ± SD. cAMP assay cAMP was extracted from the cells with 0.1 M HCl. To determine [cAMP] e , the medium was mixed with an equal volume of 0.2 M HCl. The subsequent steps for the determination of cAMP were performed by enzyme immuno assay (Cayman Chemicals) as described [18] .
ATP assay
Extracellular ATP was determined by a Luciferase-based assay as described by the manufacturer (Thermo Fisher Scientific) using an EnVision apparatus (Perkin Elmer).
Measurement of the degradation of cAMP by recombinant eNPP2 by HPLC analysis
Human recombinant eNPP2 (2 µg) (R&D Systems) was incubated with 2 mM N 6 -etheno-cAMP (ε-cAMP) (Biolog) in a buffer containing 10 mM CaCl 2 , 5 mM MgCl 2 , 0.02% Brij-35 (v/v), 50 mM Tris pH 8.5. Where indicated the autotaxin inhibitor S32826 (100 µM) was added. The enzymatic reaction was run at 37°C in the Agilent auto-sampler. At the beginning every 15 minutes an aliquot was automatically taken and analyzed by an Agilent HPLC 1200 system with a fluorescence detector (Agilent Technologies). The fluorescence from etheno-derivated adenosine and nucleotides was measured at λex=280 nm and λem=410 nm as previously This condition was maintained for 2.4 min, followed by washing the column with 70% of buffer B for one min and equilibration with 100% buffer A for 4.5 min prior to the next run. External standards of known concentrations were used to determine retention times and to permit sample quantification based on the analysis of peak area. ChemStation Software (Agilent) was used for report and analysis of the data.
Determination of adenosine and ATP by LC-MS/MS
The concentrations of ATP, adenosine and cAMP in the samples were analyzed by liquid chromatographyelectrospray ionization-tandem mass spectrometry as previously described [23] . Briefly, the analytes were extracted from 50 µl cell culture supernatant by protein precipitation with methanol and the supernatant was divided in two fractions. One fraction was used for the quantification of ATP, the other one for the analysis of adenosine and cAMP. For the chromatographic analysis of the ATP, an anion exchange HPLC column (BioBasic AX, 150 x 2.1 mm, Thermo) and a 5500 QTrap (Sciex) were used as analyzers, operating as triple quadrupole in positive multiple reaction monitoring (MRM) mode. The analysis of ATP was performed as previously described [23] . Adenosine and cAMP were analyzed using an Atlantis T3 column (100 x 2.1 mm, Waters). Adenosine was analyzed similarly as described previously [23] , cAMP was quantified using 13 C 5 -cAMP as internal standard. The precursor-to-product ion transitions used as quantifier for cAMP was m/z 328.0 à 134.0. Calibration ranges were 5-1, 000 ng/ml for ATP, 1.25 -250 ng/ml for adenosine and 0.5-100 ng/ml for cAMP.
Statistical Analysis
All experiments were performed at least three times independently. Quantitative data are expressed as mean ± standard deviation. Statistical analysis was performed by paired or unpaired Student t tests using the BiAS software for Windows (version 9.11, Epsilon-Verlag). P values of < 0.05 were considered statistically significant.
Results

Extracellular adenosine and A 2 adenosine receptors are involved in GsPCR as well as in cholera toxin (CTx)-induced activation of adenylyl cyclase in PC12 and PC3 cells
Using neuroendocrine PC12 cells as a model system, we initially studied the role of extracellular adenosine and adenosine receptors in the activation of adenylyl cyclase by pituitary adenylyl cyclase-activating peptide (PACAP) and by CTx, which directly stimulates G s proteins and thus bypasses receptor activation. In these cells, A 2A adenosine receptors (A 2A Rs) are the only functionally relevant adenosine receptors [24] . As expected, adenosine caused an increase in the phosphorylation of PKA substrate motifs, a convenient method to determine PKA activation in situ. This was completely blocked by the addition of adenosine deaminase (ADA, 1 U/ml) (for all online suppl. material, see www. was monitored using an Epac-FRET sensor which was transfected into PC12 cells and allows ratiometric imaging of cyan (CFP) and yellow fluorescent proteins (YFP) fluorescence [21] . Stimulation of FRET sensor-expressing cells with adenosine resulted in an increase in the FRET signal which was blunted in the presence of SCH 58261 (1 µM) or ADA (see online suppl. material, Fig. S1F ). Incubation of the cells with CTx induced an increase in the FRET signal after approximately 17 min that remained elevated during the time of measurement of one hour (Fig. 1G) , similar to the effect measured by the conventional cAMP enzyme immunoassay. In the presence of ADA the FRET signal signifying [cAMP] i was clearly reduced (Fig. 1G) . Together, these data show that extracellular adenosine and A 2A Rs are involved in the CTx-induced increase in [cAMP] i and in the activation of adenylyl cyclase/PKA. In PC3 prostate carcinoma cells, in which A 2B adenosine receptors (A 2B Rs) predominate [25] , the A 2B R inhibitor MRS 1754 (see online suppl. material, Fig. S1A ) completely inhibited adenosine (100 µM)-induced PKA substrate motif phosphorylation ( Fig. 2A) , whereas the A 2A R blocker SCH 58261 (100 nM) had no effect (Fig. 2B ). MRS 1754 (10 µM) also inhibited the responses to the β-adrenergic receptor agonist isoproterenol (10 µM), to glucagon (1 µM) and to CTx in these cells (Fig. 2C) . Moreover, ADA reduced the effect of the GsPCR agonists and of CTx on PKA substrate motif phosphorylation in PC3 cells (Fig. 2C) . Thus, in PC3 cells, A 2B Rs rather than the A 2A Rs appeared to be involved in activation of adenylyl cyclase by GsPCRs or CTx. We reasoned that the smaller inhibitory effect of ADA on GsPCR-and CTx-induced PKA substrate motif phosphorylation as compared to the effect of A 2 R antagonists might be due to the additional involvement of extracellular AMP. AMP is not deaminated by ADA, but it can stimulate adenosine receptors upon its hydrolysis to adenosine. It has also been suggested that AMP stimulates adenosine receptors directly [26, 27] . In this case, AMP (100 µM) should elicit an increase in PKA substrate motif phosphorylation that is not or only partially inhibited by ADA, whereas A 2 R antagonists should completely inhibit the AMP response. This was indeed observed in both PC3 ( Fig. 2A ) and PC12 cells (Fig. 2D and 2E) . Remarkably, the inhibitory effect of ADA on AMP-induced PKA substrate motif phosphorylation was more pronounced at low as compared to high AMP concentrations (Fig. 2E) . These data suggest that extracellular AMP might be a signaling intermediate in GsPCR-and CTx-induced adenylyl cyclase activation.
CTx elicits an increase in the levels of extracellular adenosine, whereas the levels of extracellular ATP declined Under basal conditions as well as under conditions of cell stress, the levels of extracellular adenosine are mainly determined by the release of cellular ATP and its subsequent hydrolysis to AMP and adenosine by ectonucleoside triphosphate diphosphohydrolases (such as CD39) and CD73, respectively [12, 13, 28] . To investigate if alterations in the extracellular levels of adenosine and its precursors could explain the observed role of A 2A R in CTx-induced adenylyl cyclase activation, we examined the impact of CTx on the concentrations of extracellular ATP and adenosine in PC12 cells. CTx caused an increase in the extracellular adenosine levels in these cells (Fig. 3A) . Surprisingly, the levels of extracellular ATP declined upon incubation of the cells with CTx (Fig. 3B) or CGS 21680 (10 nM) (Fig. 3C) .
We did not detect an increased hydrolysis of exogenous ATP in the presence of CTx, indicating that the CTx-induced decline of the extracellular ATP levels was not due to an increase in ATP hydrolysis (data not shown). Moreover, inhibition of CD39 by ARL67156 (80 µM) did not affect the inhibitory effect of SCH 58261 (1 µM) on CTx-induced PKA substrate motif phosphorylation nor did it inhibit CTx-induced PKA substrate motif phosphorylation itself (see online suppl. material, Fig. S2 ). These findings argue against a role of extracellular ATP in CTx-induced increase in extracellular adenosine concentration and activation of adenosine receptors.
Translocation of adenosine via ENTs represents another source of extracellular adenosine in particular in the brain [14] [15] [16] [17] . However, the ENT1 inhibitor NBMPR (500 nM), which inhibits the majority of ENT activity in PC12 cells [17] , did not affect CTx-induced PKA substrate motif phosphorylation in these cells (see online suppl. material, Fig. S3 ).
Ecto-nucleotide phosphodiesterase/pyrophosphatase 2 (eNPP2) can hydrolyze cAMP and is involved in CTx-induced activation of adenylyl cyclase in PC12 cells
Activation of adenylyl cyclase causes not only an increase in [cAMP] i , but also a considerable extrusion of cAMP and a subsequent increase in [cAMP] e in the majority of cell types [6] . Moreover, hydrolysis of extracellular cAMP has been reported in several cell types [29] [30] [31] [32] [33] [34] . Extruded cAMP has been suggested to function as precursor of extracellular adenosine [7, 32] . Since stimulation of PC12 cells with CTx led to a strong increase in the levels of extracellular cAMP that surpassed those of ATP several-fold (Fig. 3B) , we investigated the possibility that extruded cAMP could be the source of extracellular AMP and adenosine upon stimulation of adenylyl cyclase.
eNPP isoenzymes 1-3 are membrane glycoproteins involved in the hydrolysis of extracellular nucleotides and may also hydrolyze cAMP [12] . This has now been explicitly shown for eNPP1 [35] . However, a role of eNPPs in signaling of GsPCR or CTx has not yet been clearly demonstrated. Analysis of the eNPP expression pattern in PC12 cells revealed the presence of eNPP2, for which well-established inhibitors exist, whereas eNPP1 and eNPP3 were absent (see online suppl. material, Fig. S3 ). This provided the possibility to effectively inhibit potential eNPP-induced extracellular nucleotide hydrolysis activity in these cells using eNPP2 inhibitors. As illustrated in Fig. 4A , eNPP2 indeed hydrolyzed cAMP (1 mM), and this effect was inhibited by S32826 (100 µM), an established NPP2 inhibitor. Moreover, S32826 concentration-dependently inhibited CTx-induced PKA substrate motif phosphorylation (Fig.4B) , whereas it had no effect on the response to the A 2A R agonist CGS 21680 (100 nM) (Fig. 4C) . S32826 (10 µM) also reduced the CTx-induced increase in [cAMP] i as revealed by the FRET assay (Fig. 4D) . HA155 (10 µM), a chemically distinct eNPP2 inhibitor, reduced the CTx-induced PKA substrate motif phosphorylation in PC12 cells similar to S32826 (Fig. 4E) . Interestingly, S32826 augmented the CTx-induced accumulation of extracellular cAMP (Fig. 4F ), pointing to a role of eNPP2 in the hydrolysis of extracellular cAMP in PC12 cells. Together, these data suggest that eNPP2 is involved in CTx-induced adenylyl cyclase activation upstream of A 2A Rs in PC12 cells.
eNPP2/autotaxin is a secreted lysophospholipase D which is well known to catalyze the production of the bioactive lysophosphatidic acid (LPA) from lysophosphaditylcholine [36] [37] [38] . The majority of LPA receptor subtypes inhibit adenylyl cyclase activity, but some LPA receptors can also activate it [39] . To investigate whether eNPP2 could be involved in CTxinduced adenylyl cyclase activation, we examined the effect of LPA (1 µM) on CTx-induced PKA activation. LPA did not increase CTx-induced PKA substrate motif phosphorylation (see online suppl. material, Fig. S5 ), arguing against a role of LPA in CTx-induced activation of adenylyl cyclase signaling.
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Suppression of MRP4 inhibits CTx-induced activation of adenylyl cyclase
Multidrug resistance protein 4 (MRP4) is the major cAMP efflux transporter [8] . To investigate the role of MRP4 in CTx-induced activation of adenylyl cyclase we studied the effect of small interfering (si) RNA-induced suppression of MRP4 expression on CTx-and adenosine-induced PKA substrate motif phosphorylation in PC12 cells. MRP4 knockdown was verified by immunoblotting (see online suppl. material, Fig. S6A ). As expected, the siRNA directed against MRP4 reduced the release of cAMP in response to CGS 21680 (1 µM) or CTx from the cells (see online suppl. material, Fig. S6B ). Moreover, adenosine elicited a larger increase in PKA substrate motif phosphorylation in MRP4-siRNA-treated cells than in control siRNA-treated cells (Fig. 5) . This is in agreement with an increased accumulation of intracellular cAMP and activation of PKA upon activation of adenylyl cyclase when cAMP efflux is inhibited [7] . Despite the increased accumulation of intracellular cAMP upon MRP4 inhibition, CTx elicited a smaller increase in PKA substrate motif phosphorylation in MRP4-deprived cells (Fig. 5) , suggesting a role of cAMP efflux through MRP4 in CTx-induced adenylyl cyclase activation.
Discussion
Signaling via GsPCRs, subsequent activation of adenylyl cyclase and the increase in [cAMP] i are known to involve the intracellular cAMP effectors PKA, Epacs and cAMP-gated ion channels [2] [3] [4] . Here we show that cell surface G s protein-coupled adenosine receptors are a distal target of the signaling pathway following adenylyl cyclase activation. We found that activation of adenylyl cyclase causes a remarkable activation of A 2A R (in PC12 cells) or A 2B R (in PC3 cells). Our data further suggest that the source of extracellular adenosine receptor ligands generated upon activation of adenylyl cyclase might be extruded cAMP rather than extracellular ATP or ADP. Thus, the observed effects of GsPCR and [cAMP] i on adenosine receptor activation appear to differ from those occurring under conditions of stress or activation by certain GPCRs which couple to an increase in intracellular calcium, whereby released ATP and ADP activate P2 receptors and -following their hydrolysis by CD39 and CD73 -P1 adenosine receptors [11, 28, 40, 41] , or from an increase in extracellular adenosine concentration by translocation of intracellular adenosine via ENTs [14] [15] [16] [17] .
The concept that stimulation of GsPCR and adenylyl cyclase may modulate adenosine receptor activity has been raised previously [7, 32] , mainly based on the observations 1) that the activation of adenylyl cyclase causes not only an increase of [cAMP] i , but also an extrusion of cellular cAMP [6] , 2) that some cells and tissues can hydrolyze exogenous cAMP [32] , 3) that GsPCR activation can elicit an increase in the levels of extracellular AMP and adenosine in embryonic rat cerebral cortex in dissociated cell culture [29, 30] . Moreover, high concentrations of exogenous cAMP may activate adenosine receptor signaling [e. g. 33, 34, 42, 43] . Recently, glucagon-induced regulation of hepatic lipid metabolism has been reported to involve the extrusion of cAMP [44] . Thus, an extracellular signaling pathway The effect of ADA on CTx-and AMP-stimulated adenylyl cyclase activation was smaller than the effect of A 2 receptor antagonists, which would be compatible with a role of AMP as a signaling intermediate in CTx-induced adenylyl cyclase activation. Our data further indicate that extracellular ATP, which is the precursor of extracellular adenosine under resting and stress conditions [13] , may not be the precursor of extracellular adenosine upon activation of adenylyl cyclase. We found that CTx led to a substantial decline of extracellular ATP levels, which was not due to increased hydrolysis of ATP. Indeed, it has been found that exogenous ATP inhibits activation of adenylyl cyclase in PC12 cells [45] . We instead favor the hypothesis that extruded cAMP rather than extracellular ATP is involved in activation of adenylyl cyclase by GsPCR and CTx in PC12 and PC3 cells. Inhibition of the main cAMP efflux transporter MRP4 reduced CTx-induced PKA substrate motif phosphorylation, suggesting a role of cAMP extrusion in CTx-induced activation of adenylyl cyclase. Inhibition of eNPP2, which we identify here as cAMP-hydrolyzing enzyme, reduced activation of adenylyl cyclase by CTx and increased CTx-induced extracellular cAMP accumulation in PC12 cells. The rate of hydrolysis of cAMP by eNPP2 was relatively low. However, the concentrations of cAMP at the cell surface are probably much higher than in the bulk medium. Moreover, structural interactions of extracellular nucleotide metabolizing enzymes and receptors at the cell surface may facilitate extracellular nucleotide signaling. Thus, eNPP2 interacts with cell surface integrins and thereby promotes localized LPA signaling [46] , and A 2A R form complexes with CD73 [47] . Nevertheless, it is currently unknown whether similar structural interactions exist at the cell surface to promote activation of adenosine receptors by secreted cAMP.
Recently, also eNPP1 has been shown to hydrolyze cAMP [35] . Thus, it is possible that different members of eNPP1-3 can be involved in hydrolyzing extracellular cAMP in different cells and tissues. In a mouse model of cardiac pressure overload exogenous cAMP has been shown to reduce cardiac hypertrophy and fibrosis, which was prevented by an eNPP1 inhibitor and adenosine receptor antagonists [43] . Thus, following its hydrolysis by eNPP1, extracellular cAMP might exert its cardioprotective effect via a mechanism similar to that observed in our study. However, whereas PC12 cells were found to express only eNPP2, coexpression of different eNPP1-3 isoenzymes is likely to severely aggravate the elucidation of this pathway in other cell types.
A recent study indicates that inhibition of cholinergic neurotransmission by β 3 -adrenoceptors results from adenosine release via equilibrative nucleoside transporters and prejunctional A1 adenosine receptor stimulation in human and rat urinary bladder [17] . In the present study ENT1 inhibition by NBMPR did not influence CTx-induced activation of adenylyl cyclase in PC12 cells, suggesting that this mechanism might not be involved in A 2A R by CTx or GsPCR in these cells. Adenosine release via ENT nevertheless represents an additional mechanism by which GsPCR activation may also increase the extracellular adenosine concentration, in particular in the brain, where extracellular cAMP might be a minor source of extracellular adenosine [48] .
eNPP2/autotaxin is a secreted lysophospholipase D, which catalyzes the production of bioactive LPA from lysophosphaditylcholine [36] [37] [38] . The eNPP2-LPA axis is responsible for the formation of the vast majority of LPA and thereby plays a key role in cell mobility, Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry survival and proliferation [49] . Knockout of mouse eNPP2 results in embryonic lethality due to vascular defects [50, 51] . The present study provides evidence for a novel role of eNPP2/ autotaxin as a cAMP-hydrolyzing ecto-phosphodiesterase in the signaling via GsPCRs and [cAMP] i . It may produce extracellular AMP, which in turn leads to activation of adenosine receptors. The role of eNPP2 in adenylyl cyclase signaling appears to be LPA-independent as LPA did not increase CTx-induced PKA substrate motif phosphorylation.
In summary, this study shows that activation of adenylyl cyclase causes P1 purinergic receptor activation by increasing the extracellular concentration of adenosine. In PC12 cells this is mediated by the hydrolysis of extruded cAMP via eNPP2/autotaxin. Adenosine receptors are ubiquitously expressed and exert diverse functions in normal physiology and under pathological conditions such as sepsis, immune regulation, or inflammation [4, 13, 28, 52] . All these patho/physiological conditions are also regulated by mediators acting through elevation of [cAMP] i . Therefore, it is likely that the discovery in the present study of the modulation of P1 purinergic receptor signaling by [cAMP] 
